Abstract The estimation of major element content in solid biofuels is required for prediction and prevention of eventual ash-related problems during combustion. These analyses have to be achieved with minimum impact on the environment. The quantitation of Al, Ca, Mg, Na, K, Fe, Si and Mn in biofuels was carried out according to EN 15290 using acid decomposition of solid samples followed by atomic absorption spectrometry (AAS). A microwaveassisted acid digestion with a HNO 3 /H 2 O 2 /HF mixture was used, followed by HF complexation using H 3 BO 3 . Due to the presence of tetrafluoroboric acid complex in the digestion solution, matrix effects were noticed during elemental quantification by AAS. Standard addition calibration methods did not compensate for this matrix effect. Matrix effects that constrain an analytical response may be overcome by applying the procedure used for samples to the calibration standards using the same reagents. However, this entails using large amounts of toxic reagents. In this work, the fluoric-boric acid matrix matching was assessed statistically using one-way ANOVA tests. For the seven groups of nitric acid and reagent blank (HNO 3 /H 2 O 2 /HF/ H 3 BO 3 ) mixtures used, ranging from 0 to 1 volume ratios, no significant differences were observed for Si, Al, Fe and Mn. The calculated F values were lower than the critical value, F 6,14 = 2.85 (p = 0.05). However, for Ca, Mg, Na and K, significant differences were observed. Tenfold dilution was used for samples where the mass fraction exceeded the analytical dynamic range of the AAS instrument. The calibration solutions were prepared using the reagent blanks in the same proportion thus decreasing the amount of acids used. The procedure was validated using SRM 1573a-tomato leaves-purchased from the National Institute of Standards and Technology. Target recoveries of (1 ± 0.1) were achieved.
Introduction
Over the last decade, thermochemical conversion of biomass, i.e. solid biofuels, has attained higher importance and is subject of extensive R&D, aiming to reduce CO 2 emission and diversification of fuel sources [1] .
The behaviour of biomass ash during thermal conversion processes is strongly dependent on the biofuel mineral composition. The knowledge of mass fractions of major elements present in the biomass, namely Al, Ca, Mg, Na, K, Fe, Si and Mn, is essential to predict and to prevent operational ash-related problems [2] .
The increasing use of biomass as a fuel enhances economic, environmental and social impact, leading to the standardization of solid biofuel characterization procedures. Standard technical specification (TS) for determination of major elements, CEN/TS 15290, was first published in 2006 by the European Committee for Standardization (CEN), which was superseded by the European Standard EN 15290: 2011 [3] .
One of the most critical stages in this solid biofuel analytical procedure is the decomposition of biomass samples as this can considerably affect the accuracy of results. The application of standardized procedures provides comparable results, yet some details need to be adjusted, depending on the analytical technique used.
Standard EN 15290: 2011 [3] specifies two alternative acid decomposition procedures: the direct use of milled biomass or use of ashes (550°C) prepared in the laboratory. This article describes a modified procedure using microwave-assisted acid digestion of milled biomass. In the first step, HNO 3 /H 2 O 2 /HF was used followed by a second step where H 3 BO 3 was added for HF complexation. This procedure results in faster decomposition than that achieved using open vessels, reducing the amount of acids used and possible contamination, promoting reproducible thermal digestion conditions and avoiding loss of volatile substances [4, 5] .
There is published evidence of the use of HNO 3 , H 2 O 2 and HF reagents to digest biological matrices [6] . The HNO 3 and H 2 O 2 are both used as oxidizing agents of organic matrices. When the HNO 3 concentration is lower than 2 mol/L, it is a weak oxidizing agent. The oxidizing power can be enhanced by increasing the concentration, the reaction temperature or by adding other oxidizing agents, e.g. H 2 O 2 [7] [8] [9] . The availability of high-purity HNO 3 is an advantage, especially in the case of trace-level analysis. The use of H 2 O 2 reduces the formation of nitrous vapours and accelerates the digestion of organic samples by raising the temperature through Reaction 1. The production of water due to H 2 O 2 decomposition also makes it an ideal digestion reagent [4] . However, due to its high reactivity with organic matrices, this operation should be performed carefully.
The use of HF is common practice in the acid digestion of silicate or aluminosilicate matrices (Reaction 2). However, some precautions have to be taken to avoid equipment damage, formation of insoluble fluorides or loss of Si as SiF 4 . These problems can be avoided by the addition of H 3 BO 3 to the digested sample, which must be heated in the microwave to neutralize the excess of HF, according to Reactions 3 and 4 [10] .
This procedure improves the safety of sample handling and is labour saving. It is less time-consuming [10, 11] because major elements, including Si, can be analysed in the same digestion solution.
Al, Ca, Mg, Na, K, Fe, Si and Mn were determined by AAS. The literature describes some sources of interference using this spectrometric technique, as well as procedures to correct or to avoid them [12, 13] . The matrix effect is a typical interference which may be overcome by matching, as closely as possible, standards and calibration blanks with the acids used in the sample digestion although this may lead to additional use of acids.
The analytical dynamic ranges and the elemental mass concentrations of the digestion solutions can be very different and require several dilutions of each sample; this increases time and reagent consumptions.
Environmental, health and economic aspects are a constant concern when aiming for accurate results, without neglecting some principles of green chemistry [14] :
1. it is better to avoid waste production than to treat or clean up afterwards; 2. the use of auxiliary substances (e.g. solvents, separation agents) should be avoided whenever possible and be innocuous when used; 3. substances used in a chemical process should be chosen so as to minimize the potential for chemical accidents, including leaks, explosions and fire.
Experimental

Materials and equipment
All chemicals were of analytical grade, and all solutions were prepared with high-quality water, obtained from a Millipore Mili-Q water purification system (Millipore, Bedford, MA, USA). Merck (Merck, Darmstadt, Germany) and Panreac (Barcelona, Spain) supra pure acids were used in sample digestions. Calibration standards (CS) and quality control standards (QCS), purchased from Merck, were prepared by successive dilutions of mono-elemental standard solutions of 1000 mg/L. A standard reference material (SRM), SRM 1573a-tomato leaves-from the National Institute of Standards and Technology (NIST), was used as recommended by EN 15290. The SRM was dried at room temperature for 120 h, in a desiccator using anhydrous magnesium perchlorate as desiccant. A calibrated analytical balance Mettler Toledo AT 200 (Greifensee, Switzerland) was used to weigh the samples and the SRM. A multiwave 3000 microwave digester Anton Paar (Graz, Austria) was used. This system has simultaneous pressure and remote infrared temperature control in all positions, and one reference vessel has a temperature probe immersed.
The major elements were determined by AAS, using both SOLAAR 969 AA and M Series UNICAM spectrometers (Thermo Electron Corporation, Cambridge, UK).
Sample preparation and acid digestion
Samples being studied in the scope of BiomAshTech project were selected for this study, namely woody biomass, fruit biomass and herbaceous biomass. All samples were milled to pass through a 0.25 mm sieve in a Retsch Cutting Mill SM 2000 (Haan, Germany) and stored in plastic containers. Microwave-assisted digestion was performed in PTFE closed vessels, achieving total decomposition of biomass samples. The mixture of acids used followed the EN 15290 standard: in the first step, HNO 3 /H 2 O 2 /HF was used followed by a second step where H 3 BO 3 was added for HF complexation. To avoid peaks of temperature and pressure during sample heating, a heating ramp slower than that specified in the standard was chosen. The operating conditions are illustrated in Fig. 1 . The standard reference material SRM 1573a was digested following the same procedure as that used for samples. Four sets of duplicates of SRM samples, a total of eight, were analysed. The digestion of each set of six samples was accompanied by digestion of two reagent blanks.
Evaluation of acid matrix on AAS analysis
The influence of fluoric-boric acid matrix on AAS measurements was evaluated individually for Al, Ca, Mg, Na, K, Fe, Si and Mn. QCS were prepared with different volume ratios of reagent blank (HNO 3 /H 2 O 2 /HF/H 3 BO 3 ) and HNO 3 0.5 mol/L: 0.8 (or 1 for Na and K), 0.5, 0.4, 0.2, 0.1, 0.04 and 0. Each QCS absorbance was evaluated by visual inspection. For the statistical evaluation, one-way analysis of variance (ANOVA) was performed using Excel (Microsoft Office 2010).
Analytical method and quality control
The mass fractions, w S [g/(100 g) or mg/kg], of Al, Ca, Mg, Na, K, Fe, Si and Mn were calculated using the following equation:
where c S is the mass concentration of the elements in the digestion solution, V the volume of the digestion solution, m the mass of sample taken for analysis, F dil the dilution ratio and w 105 the moisture fraction of the milled biomass sample.
The instrumental sensitivity of the equipment was achieved according to the spectrometer manufacturer's recommendations. The most intense line for each element was used, and a variation of ±0.2 of the instrumental sensitivity was accepted. Each absorbance value was taken as the average of three absorbance readings with three seconds of integration time. Detailed descriptions of the operational conditions used in the laboratory were previously reported [15] [16] [17] .
The analytical calibration was performed with a calibration blank and, at least, five CS. For Na, K, Ca and Mg, the acid matrix matching approach was applied for either the calibration or the QCS, as well as for the diluted samples. Matrix matching was not necessary in the case of Fe, Mn, Al and Si determinations. Standard addition calibration was used for Al due the low recovery obtained using external calibration.
Al and Si ionization interferences were minimized by the addition of KCl, sufficient to attain 2 g/L of K in the measurement solution. For Ca and Mg determinations, a releasing agent (La 2 O 3 solution) was added to standards, digestion solutions and QCS, to achieve a lanthanum concentration of 4.6 g/L in the measurement solution. This agent avoids oxyanion interferences, such as phosphates, aluminates and silicates. In the case of Fe and Mn determinations, a solution containing 0.05 g/L of Ca was added to standards, digestion solutions and QCS, as recommended by the Standard Methods for Examination of Water and Wastewater [18] , in order to avoid chemical interferences.
The quality control of the entire procedure included: reagent blanks, QCS, SRM and digestion solution spikes. The analytical diagram of the entire procedure, as well as the control quality criteria accepted, is shown in Fig. 1 .
Measurement uncertainty: quality control data approach Measurement uncertainty evaluation was based on quality control data, as described in the literature [19, 20] . Nowadays, the metrological community recognizes that precision and trueness studies, whenever performed for suitable analyte concentration ranges and/or matrices, can cover all the major uncertainty contributions [19, 20] . Hence, the relative combined standard uncertainty of each mass fraction, u rel c ðwÞ; was determined from the contribution of the two main components: the relative standard uncertainty for precision evaluated using within-laboratory reproducibility, u rel ðs w Þ; and the relative standard uncertainty of trueness evaluated from SRM recovery data, u rel ð " RÞ. Table 1 summarizes the steps used for the measurement uncertainty estimation, namely the specification of measurand, the quantification of each uncertainty component, calculation of combined standard uncertainty and expanded uncertainty [19] .
The u rel ðs w Þ values were estimated from the QCS acceptance criteria assuming a rectangular distribution ( Table 1 ).
The SRM 1573a was used to evaluate the recovery factor of each element, except for Mg and Si because their mass fractions, w SRM , are not certified values. As the SRM 1573a was certified in 1993, before NIST adopted the Guide to the expression of Uncertainty in Measurement (GUM) [21] , the uncertainty values presented in the certificate were not computed as currently recommended by GUM. In this work, the u(w SRM ) was calculated using GUM guidelines after a personal contact with the NIST Statistical Engineering Division. In the case of Si and Mg, several samples were spiked to estimate the relative standard uncertainty of the recovery. A correction for bias was not made for all the elements analysed because the mean recovery values were not significantly different from 1, as checked by the t statistic significance test [19] . Expanded measurement uncertainty values were estimated using a coverage factor, k, of 2 for a confidence level of approximately 95 %.
Results and discussion
Evaluation of acid matrix influence on AAS analysis
The influence of fluoric-boric acid matrix on the AAS analytical response was evaluated for Al, Ca, Mg, Na, K, Fe, Si and Mn, using QCS with volume ratios from 0.04 to 1 of reagent blanks (HNO 3 /H 2 O 2 /HF/H 3 BO 3 ) to HNO 3 0.5 mol/L. Each recovery value was calculated from the quotient of the absorbance of each QCS and the absorbance of the QCS in the HNO 3 0.5 mol/L. If a recovery value of (1.00 ± 0.05) was obtained for the elements analysed by air/C 2 H 2 flame (Ca, Mg, Na, K, Fe and Mn) or (1.00 ± 0.10) for elements analysed by N 2 O/C 2 H 2 flame (Al and Si), it can be concluded that there is no significant matrix effect from the fluoric-boric acid introduced. Figure 2a shows that for Ca, Mg and K, the recoveries decrease with increasing amounts of acid mixture in solution, which means that fluoric-boric acid matrix has a significant influence on the absorbance measurements. Figure 2b illustrates the results for elements which do not appear to be affected by the acid matrix.
The ANOVA was performed using the seven different ratios of reagent blanks and HNO 3 0.5 mol/L (0-1). Three values were obtained for each acid matrix ratio, the absorbance values were measured, and the extreme values were estimated from the instrumental precision for each element, as reported in the electronic supplementary material (ESM). Table 2 presents the F value calculated by ANOVA and the respective critical value (p = 0.05).
The statistical analysis (p = 0.05) of the results for Ca, Mg, Na and K shows that the acid matrix affects the instrumental signal, because F calculated [ F critical . The one-way ANOVA data were in agreement with the conclusions reported earlier from Fig. 2a, b . The element Ca was most affected by matrix effects, while Na was only slightly affected by this acid matrix [QCS recoveries within range (1.00 ± 0.05)].
Traceability of measurements results
Comparability of measurement results can be relied upon if the metrological traceability is to the same reference. In this work, the SRM 1573a, the reference, was analysed as described in the experimental section. 
Evaluation of systematic error Acceptance criteria:
RÞ t cal t ðnÀ1; p¼0:05Þ : no significant bias t cal t ðnÀ1; p¼0:05Þ : bias identified, the result is corrected Calculation of combined standard uncertainty
Calculation of expanded uncertainty The comparison of the measurement results with the certified values was performed as proposed in application note 1 of the European Reference Materials publication [22] . The observed average mass fractions of SRM, " w obs SRM ; were obtained from four sets of duplicate analyses. The combined standard uncertainty of " w obs SRM was calculated as described in Table 1 . Although the mass fractions of the certified values, w SRM , were presented in the NIST certificate, their uncertainties were obtained from a personal contact, as reported before. The absolute difference, D, was compared with the expanded measurement uncertainty of the absolute differences, U D ; for a confidence level of approximately 95 %, as shown in Table 3 . No significant differences were obtained between the measurement results and the SRM certified values because U D ! D (Table 3) for all the elements. Under these conditions, the metrological comparability of the measurement results was achieved [23] .
As already reported, the w SRM values for Mg and Si are not certified. Thus, several digestion samples were spiked and a t test was applied to evaluate whether the recoveries were statistically different from 1 ( Table 1 ). The t cal values obtained [19] were t cal = 1.48 (n = 10) and t cal = 0.73 (n = 8) for Mg and Si, respectively. No bias was identified for these elements because t cal t ðnÀ1; p¼0:05Þ , where student t values were 2.26 for Mg and 2.36 for Si. The performance of the analytical procedure was evaluated, for each element, with the purpose of reducing both reagent consumption and operator time. It was found that for AAS analysis of Al, Mn, Fe and Si, there was no need to compensate for acid matrix effects. The matrix of CS, QCS and the diluted digestion solutions was HNO 3 0.5 mol/L. In the case of Ca, Mg, Na and K quantification, the matching matrix was obligatory. However, as the mass fraction of these elements exceeds the analytical calibration range, tenfold dilution was used for the standards and digestion solutions which allowed a considerable reduction of reagent consumption. Table 4 shows the reagent consumption for volume ratios of (HNO 3 /H 2 O 2 /HF/H 3 BO 3 )/ HNO 3 0.5 mol/L equal to or different from 1, for each element.
The procedure presented in this work leads to a considerable decrease in the amount of acids consumed. Reductions close to 70 % for HNO 3 and 95 % for H 2 O 2 , HF, H 3 BO 3 and HCl were achieved.
Conclusions
Aiming to reduce the negative impact associated with the consumption of acid reagents, an assessment of the need of a fluoric-boric acid matrix matching was carried out. It was concluded that for Al, Fe, Si and Mn, fluoric-boric acid matrix matching is not necessary. For Ca, Mg, Na and K matrix effects, compensation was necessary, as was evident graphically and statistically by ANOVA. For the samples studied, and because the mass fractions exceeded the analytical calibration ranges, a tenfold dilution was used for samples and standard solutions, thus decreasing the matrix influence.
The procedure described in this work reduces the amount of reagent consumed by about 70 % for HNO 3 and 95 % for H 2 O 2 , HF, H 3 BO 3 and HCl, fulfilling the principles of green chemistry. The procedure was validated using the SRM 1573a-tomato leaves-providing metrological comparability of the measurement results. Results, with a relative expanded measurement uncertainty in the range 12-16 %, were obtained. a To avoid lanthanum precipitation [24] in case of Ca and Mg quantification
